An investigation was carried out on recycling spent refractories comprising of Al2O3-12.9%C refractory substrate after 30 minutes of interactions with molten iron at 1 823 K. XRF results showed that the spent refractory was contaminated with iron (0.798 wt%). Spent refractories in 10, 20 and 30 wt% proportions were mixed with virgin refractory composition of Al2O3-10%C. High temperature interactions of recycled refractory substrates with liquid iron were investigated at 1 823 K to understand chemical reactions occurring in the metal/refractory interface as well as in the bulk of the refractory. The sessile drop technique was used to determine the interfacial wetting behaviour and the phase transformations during interactions with molten iron were determined using SEM and EDS. These investigations determined the role of spent refractory constituents which contains degraded alumina, carbon and iron. The presence of iron and reactive alumina in the refractory substrates was seen to affect both physical and chemical interactions, contact angles and carbon pick-up. The drop in contact angles was in direct correspondence with an increase in carbon pickup. The structural integrity and bonding of the recycled refractory was also compromised, and interfacial cracks were observed along with increases in the interfacial area of contact of metal droplet with refractory. Video images also showed whisker formation on metal droplets during 30 minutes of reaction time. The results from this study have shown that metal contaminated spent refractories tend to enhance refractory degradation during recycling and therefore may be unsuitable for steelmaking applications.
Introduction
In industries such as steelmaking that employ high process temperatures, refractory selection plays a critical role in optimizing productivity, enhancing energy efficiency and minimising labour costs. One of the greatest challenges lies in finding refractories that can withstand harsh environments for extended periods of time without degradation and associated product contamination. When refractory materials reach the end of their service life, these are generally replaced with new refractories manufactured from virgin raw materials and spent refractories are usually disposed of in landfills wasting valuable material resources. Of the refractories produced annually in US and Europe, approximately one half of the spent refractories are landfilled. 1) With environmental regulations becoming more restrictive, reuse and recycling of used materials is now an important consideration in refractory selection. 2) There is an urgent need to reduce the amounts of spent refractories being landfilled, and to develop novel recycling approaches.
A number of approaches have been utilized for recycling spent refractory materials, which include the use of refractory as a material resource in a variety of applications. Based on the original refractory composition, these can be reused as a refractory component, roofing granules, slag conditioner, aggregate for concrete and cement, raw material for glass, insulating powder, carbon, silicon source, filler for bulk items, grog in ceramic materials, landscape material, soil stabilization, highway road aggregate/sub-base, soil conditioner and abrasives. 3) Refractory recycling is complicated by the varying amounts and types of impurities present within spent refractories and difficulties associated with sorting and removing unwanted components. 4) Characterising spent refractory is an important aspect of comprehensive refractory recycling and reuse program. Characterisation helps to identify changes that have occurred in the refractories after extended high temperature operation in a corrosive environment. 5) While it is technically possible to recycle most types of refractory shapes and bricks; however if the cost of recycling exceeds the cost of disposal, then waste is generally landfilled. Nowadays, with increasing costs and environmental legislation landfilling is becoming less of an option. 6) Limited research has been conducted on the recycling of spent refractories due to the absence of sustainable economic or environmental driving forces.
1) Previous studies 3, [7] [8] [9] [10] [11] [12] on refractory recycling have identified specific parts of refractories that can be reused in similar or other refractory applications. It has been observed that metal penetration in the refractory has a detrimental effect and that it is quite difficult to remove penetrated metal from the refractory. When spent refractories were remixed with virgin materials, the presence of metal in the spent refractory could affect the physical and chemical interactions of alumina carbon refractories. The effects of recycling spent refractories back into original applications have not been investigated in detail.
Alumina and carbon are among the key constituents of steelmaking refractories. Several studies have been carried out on the high temperature interactions of alumina carbon refractories such as metal/refractory interactions, slag/refractory interactions and carbon depletion from alumina-carbon refractories into molten steel. [13] [14] [15] [16] [17] [18] A recent study from our group has provided a clear evidence for chemical interactions taking place in the Al2O3-C/Fe system at 1 823 K over extended periods of contact and the penetration of molten steel into alumina-carbon refractories. 19) These chemical interactions could impact the degradation of carbon based refractories and the contamination of steel with reaction products. Gaseous products escaping the reaction zone were found to leave behind porous regions making it easier for metal to penetrate in the substrate further enhancing reaction kinetics and refractory degradation. These chemical interactions could have significant implications for refractory recycling.
In this article, we investigate the influence of chemical interactions, associated penetration of metal in the substrate and degradation in the quality of alumina on refractory recycling. In this study, the term recycling has been used to indicate the reuse of spent refractories in well-defined proportions along with virgin components. When mixed with virgin refractory constituents, the spent heat treated refractory that has already been contaminated with iron, could affect the reaction kinetics by interacting with oxygen from relatively unstable alumina or with carbon in the spent refractory at steelmaking temperatures leading to chemical, physical and microscopic changes. Such an investigation has not previously been reported on the alumina-carbon system. In this paper, we report a systematic investigation on Al2O3-12.9%C refractories containing 10-30 wt% spent refractories mixed into virgin constituents, and their interactions with molten steel at 1 823 K. Wettability, carbon pickup and interfacial reactions have been reported along with an in-depth analysis of the interfacial region, reactions at the metal/refractory interface and the influence of relative proportion of spent refractories on the high temperature behaviour of recycled refractory mixtures.
Experimental
Alumina and synthetic graphite were used as basic refractory constituents; synthetic graphite (SG) was used to understand the role of carbon in the absence of ash impurities. The ultimate and proximate analysis of SG is given in Table 1 . Alumina powder (ALCOA, Australia; purity~99.7%) with particle size less than 2 μm was used due to its high purity and ease of compaction. 20) Phenol formaldehyde was used as a binder to improve the green strength of refractory substrates, since it possesses good wettability with ceramics, good moulding and thermosetting properties and high carbon yield; 21) it however is susceptible to oxidation. 22) During heat treatment at 1 073-1 473 K, the resin undergoes devolatalisation to form a reinforcing carbon framework over the entire volume of the component. Active carbon formed can take part in phase formations of secondary compounds. 23) Iron was supplied by LECO Australia in the form of rings weighing 1 g each; the weight of iron used was kept constant for all experimental runs. The composition of iron was analysed using ICP elemental analysis with details given in Table 2 .
Alumina-carbon refractory substrates used for recycling experiments contained 10-30 wt% of AS1-Fe spent refractory; detailed results on this system were presented in a previous study.
24 ) The balance of these refractories was made up of vir- 19, 24) The lower alumina content in the reacted refractory also indicates that a small part of alumina has been reduced that led to the formation of Fe-Al alloy. 19) Higher metal penetration was observed in AS1-Fe sample as observed from the results of XRF analysis with increases in iron content. The change in iron content of spent refractory could be a very important consideration in determining the behaviour of recycled refractories when spent refractories are mixed with virgin refractory composition for use under similar conditions and applications in steelmaking. By mixing the spent refractory containing iron and reacted alumina into the composition of AS1 virgin refractory sample implies that metal will now be in direct contact with relatively unstable alumina from the spent refractory and stable alumina from the virgin refractory.
The spent refractory of AS1-Fe sample with 10, 20 and 30% was mixed with virgin refractory composition of AS-1; the mixture termed as recycled refractory was labelled as AS1-10R, AS1-20R and AS1-30R. The wt% ratio of alumina and carbon content in these recycled refractories are given in Table 4 . Al2O3 and C powders for virgin refractory were mixed with 5 wt% resin and ball milled for 48 hours to ensure complete mixing. The mixture of virgin refractory and spent refractory was also ball milled for uniform mixing of the mixture. The dimensions of all test substrates were kept fixed as 25 mm diameter and 3 mm thickness, the pressures required for compacting spent and virgin refractory blends were found to range between 60 to 80 MPa to achieve this geometrical configuration. This approach, which ensured a fixed mass and volume for green substrates, was designed to obtain uniform density and porosity distribution.
While porosity was not specifically measured for all substrates, typical pore sizes were generally less than 100 μm.
Previous studies by our group on pure alumina and aluminacarbon substrates had been carried out under similar conditions; it was found that the initial pore structure was not much affected by the presence of carbon in the refractory substrate. 19) The compaction of substrates with 20% and 30% spent refractory content was found to be somewhat hard, possibly due to iron impurities present. In addition, the degraded alumina from the spent refractory could be partially sintered and create resistance to smooth compaction of the substrates. These substrates were baked at 423 K for 48 hours to cure the resin and to remove volatiles and moisture. These recycled refractory substrates were processed under conditions similar to virgin refractory specimens.
Using the sessile drop approach, refractory substrates were placed in contact with molten iron droplet at 1 823 K for 30 minutes in a horizontal tube furnace. A schematic diagram of the experimental setup is shown in Fig. 1 . This setup has previously been used successfully to study dynamic wetting behaviour including contact angle variations in the metal refractory systems. 18, 24) Before starting the experiments, the furnace tube was purged with argon at a flow rate of 1 L/min. Images at specific time intervals were captured from the video recording of experiments and the contact angles were calculated from these images using specialised software. 25) The interfacial region between the metal and refractory after the sessile drop test was analysed by scanning electron microscopy (SEM). All substrates were sectioned and polished to 1 micron finish for microstructural investigations. The polished substrates were coated either with gold or carbon before SEM analysis (Model S-3400X, Hitachi, Tokyo, Japan) to improve the conductivity of the substrates. Energy dispersive spectroscopy (EDS) was used to identify the elemental distribution in the selected region. Mass transfer of carbon from the refractories into liquid iron was measured using the LECO CS-244 carbon/sulphur analyser. 
Wettability Investigations
The wettability investigations of liquid iron droplet atop recycled refractory substrates were conducted at 1 823 K under argon atmosphere to determine contact angles as a function of time from the video images captured by a CCD camera. Figure 2 shows high temperatures sessile drop images for AS1-10R, AS1-20R and AS1-30R refractory substrates respectively containing 12.7 wt% C, 12.4 wt% C and 12.1 wt% C after 1, 5 and 30 minutes time intervals. From Fig. 2 , the contact angles were recorded as 118°, 119°a nd 130° during the first minute of the reaction for substrates AS1-10R, AS1-20R and AS1-30R respectively. After that contact angles dropped to 115°, 116° and 127° respectively for these substrates in the next 5 min. These then increased to 122°, 124° and 132° over the next ten minutes respectively and then these angles remained fairly unchanged during the reaction time (30 min). The measured values of contact angles have been plotted in Fig. 3 . It is seen that for all the substrates, there was a sharp drop in contact angles in the first five minutes followed by an increase in the next ten minutes with the angles finally stabilizing within 15 min from the time of initial contact. This trend is quite similar to the one observed for virgin refractories.
24)

Sessile Drop Images Over Extended Time
The video images shown in Fig. 4 also indicate that after 30 minutes of reaction time, all samples of recycled refractory substrates showed small aluminium oxide whiskers emerging from the iron droplet and on the substrate. Such activity was not seen in the virgin refractory substrates when they were heat treated under similar conditions. This implies that presence of Fe in recycled refractory and relatively unstable alumina from spent refractory are playing an important role in triggering chemical reactions. For virgin refractory substrates, these whiskers started appearing after 75 minutes of reaction time as reported in our previous study. 19) Similar whiskers with hairy appearance are now being observed within 30 minutes of reaction time for recycled refractory substrates. From Fig. 4 , it could be clearly observed that whiskers for recycled refractory substrates were most dominant for AS1-30R that contained the highest proportion of spent refractory in the blend.
Caron Pick-up by Molten Iron
The carbon pickup from recycled refractory substrates by Fig. 2 . Molten iron droplet images at different times for recycled refractory substrates. This figure presents the carbon contents of iron droplet after 1, 2 and 3 hours of contact for AS1-10R, AS1-20R and AS1-30R substrates. Results show that the carbon pick-up decreased with increasing spent refractory content in the substrates. For all recycled refractory substrates, the carbon pickup values showed a slight increase with time. The carbon pickup values after 1 hour of reaction was determined as 0.229, 0.169 and 0.095 wt% for AS1-10R, AS1-20R and AS1-30R respectively, which then increased in the next hour to 0.250, 0.2227 and 0.111 wt% respectively for these substrates. In the 3 rd hour of interaction, a slight increase in the carbon pickup value was noted with values of 0.280, 0.257 and 0.139 wt% respectively for three substrates. These values are in agreement with the results of carbon pickup values of AS1-Fe refractory where carbon pick up value of AS1 refractory were determined as 0.18, 0.25 and 0.49 wt% for 1, 2 and 3 hour time duration. 19) Compared to these values, the carbon pick-up for recycled refractory substrates were lower when increasing proportions of spent refractories were used. But the overall trend was not affected as car- Figure 6 shows a comparison of micro-structural images of AS1-Fe for virgin refractory system and recycled refractory system. Figure shows that the metal droplet melted on the surface of recycled refractory substrates AS1-10R, AS1-20R and AS1-30R; changed its shape and became flatter in comparison with AS1-Fe of virgin refractory system. The metal droplet and recycled refractory substrates adhered well at the interface and the area of contact with the refractory had also increased in comparison with AS1-Fe of virgin refractory system. From Fig. 7 , it could be observed that interaction between alumina and carbon in presence of iron had compromised the structural stability and bonding between alumina and carbon of recycled refractory substrates both at interface and within the refractory substrate. It could also be seen from Fig. 7 that intense chemical interaction has also resulted in transporting refractory aggregates into the metal droplet as seen clearly for AS1-10R, AS1-20R and AS1-30R samples. To further confirm that these constituents found within metal matrix were from the recycled refractory substrate, EDS analysis was carried out on these fragments. Figure 8 shows EDS spectrum for AS1-10R sample. The position A in the figure indicates the presence of alumina such that Al and O can be seen in the spectrum as major constituent with Al/O ratio (~ 3) which is lower than corresponding ratio observed during EDS on pure alumina (~ 5). A microscopic examination of recycled refractory substrates also shows that the interaction between recycled refractory content and iron resulted in increased metal penetration and creation of channels/gaps as shown in Fig. 9 for AS-10R samples before and after contact with molten iron. Recycled refractory substrates had a different appearance as compared to virgin refractory system under similar experimental conditions.
Microscopic Analysis
Discussion
Figures 2 to 9 show the results of wetting, carbon pickup and morphology of recycled refractory systems at 1 823 K. These results clearly show that interfacial phenomena of recycled refractory system with molten iron were affected by the inclusion of spent refractory component. The increasing amount of spent refractory into virgin refractory composition has also affected contact angles and carbon pickup. A smaller drop in wetting angles was observed in AS-10R sample, where contact angles were dropped from 118° to 115° in the 1 st five minutes of the reaction. These values were much lower in comparison to AS1-Fe refractory system when reacted under same experimental conditions as reported in our previous work, 24) where initial contact angles were 140° in 1 st minutes of reaction, which then dropped to 122° in 5 th minute of the reaction. In comparison to these values, the contact angle values for recycled refractory system were much lower. This indicates the role played by the , it is observed that spent refractory contains iron within the refractory constituent due to metal penetration. The inclusion of iron in the spent refractory could be one of the reasons that wetting angle observed for recycled refractory was affected in comparison with wetting angles of spent refractory. The presence of iron in recycled refractory substrate can change the chemical interaction between recycled refractory and molten steel, mass transfer between molten steel and carbon within refractory. The initial drop in contact angle could be caused by the carbon pickup by iron present in-situ and by the molten iron droplet. Carbon pickup from two sources of iron would expedite the interaction such that more carbon atoms are being dissolved into liquid iron resulting into more porous areas 13) causing lowering of contact angles and increases in carbon pick-up. It is also important to consider that spent refractory content of recycled refractory also contains degraded alumina which could be termed as unstable constituent of the refractory; its presence could affect wetting conditions as well. This was observed clearly from XRF analysis given in Tables 3(a) and 3(b), where total content of alumina was found to be less after interaction with molten iron at 1 823 K.
The increased interaction between molten iron and recycled refractory substrate resulted in whisker formation for all recycled refractory substrates within 30 minutes of reaction time as shown in Fig. 4 . Whisker formation was observed to appear in our previous study on virgin refractories after 75 minutes of the reaction time. The presence of in-situ iron and unstable alumina which could be triggering the reaction in recycled refractories such that whisker formation containing aluminium oxides 19) appeared during 30 minutes of reaction time (Fig. 10) . The inclusion of spent refractory content into virgin refractory has not only intensified the reaction, but has also affected bonding of the refractory as observed in Fig. 9 . At the metal refractory interface, several interfacial cracks/gaps can be clearly seen. These cracks could create major strength-limiting flaws, and the formation of a strong metal/refractory bond would require their elimination. 26) These are caused by the depletion of carbon by in-situ presence of iron and molten metal droplet and chemical interactions in Al2O3-C/Fe system. Such regions observed in recycled refractory substrates were different in appearance and interaction as compared with virgin refractory system 19) when interacted with iron under similar experimental conditions. In the virgin refractory system, small pores were present within the refractory while in recycled refractory systems significant number of cracks was observed in the interfacial region as well (Fig.  9) .
It could also be seen from Fig. 6 which details the appearance of droplets and changes in contact area between the metal droplet and refractory substrate for AS1-Fe and AS1-10R, AS1-20R and AS1-30R refractories. Figure 6 (a) clearly shows that the area of contact for virgin refractory system was much less than recycled refractory systems where it had increased significantly (Fig. 6) . These results indicate that with the presence of recycled components, additional chemical/physical forces could be in operation as the work of adhesion is the work against surface forces required to separate the metal and the refractory interface. 27) There could be two possible reasons for the weak bonding at the metalrefractory interface: localized chemical interactions between the atoms of alumina and carbon in presence of iron and physical interactions such as wetting and carbon pick-up. However it is difficult to estimate the extent to which each interaction has affected the bonding. It is quite likely that the contribution of chemical bonding at higher temperature could be more dominant due to chemical interactions of carbon and iron with unstable alumina from spent refractory. The contact angles were measured at high temperatures under conditions that allow the formation of interfaces. The measurement of contact angle is a key parameter which gives better idea about the shape and size of interfacial flaws. Good wetting and bonding tendencies are key factors affecting adhesion or area of contact. Our results have shown that contact angles for recycled refractory system were lower than the contact angles of original refractory content, thereby indicating that recycled refractory system was more wetting than virgin refractory system although both systems fall in the range of non-wetting systems.
Figures 7 and 8 clearly indicate that in the recycled refractory system, some alumina fragments from bulk of the refractory have been transported into molten metal. The presence of Fe and unstable alumina with in refractory system from spent refractory could create the similar conditions as for slag in steelmaking. It is well known that aluminacarbon refractory is affected by local corrosion or degradation at slag-metal and slag-gas interface. 28) Since molten iron wets and picks up carbon in presence of oxides, the molten iron penetrates into the refractory substrate. Once graphite rich layer disappears due to carbon dissolution, iron and alumina within the refractory system can penetrate into the boundary region between the metal and the substrate and subsequently fall into the metal as observed clearly in AS1- 10R sample, where alumina is clearly observed in the metal droplet (Fig. 8) . In recycled refractory system AS1-10R, AS1-20R and AS1-30R, carbon pick-up was observed to occur until 3 hours of operation along with alumina-carbon interaction in presence of iron generating CO/CO2 gases; 19) refractory system had also produced more interfacial and insitu cracks and porous regions (Fig. 9 ). This indicates that the surface structure of recycled refractory system became somewhat fragmented causing refractory degradation during interaction with molten iron at 1 823 K. Due to porosity, some aggregate particles may come off from the hot face and fall into molten steel to become inclusions. 13) This can be further verified from the results observed in AS1-Fe system for virgin refractory where more penetration and chemical interaction was seen. 19, 24) As there are more opportunities that iron and carbon may get oxidized with oxygen of relatively unstable alumina of spent refractory, it means there is an increased oxygen activity in the refractory system, causing the oxidation of sub-oxides of alumina back to Al2O3(s). The EDS analysis shows that Al/O ratio was reduced in the recycled refractory content in comparison with virgin refractory content. It leads to the fact that alumina used from the spent refractory contains unstable alumina to some extent. As metal is in direct contact with unstable alumina, there are more chances for iron to get oxidized which could then trigger reactions with carbon producing more activity and evolution of CO/CO2 gases.
Summary & Conclusions
This study has helped develop a fundamental understanding of influence of chemical composition of the spent refractory, metal contaminants and interfacial phenomena, wetting behaviour and carbon dissolution on the interactions of recycled refractories with molten iron. High temperature interactions of recycled refractory substrates with molten iron at 1 823 K showed that chemical interactions in Al2O3-C/Fe system resulted in chemical, physical and microscopic changes. These include the formation of interracial cracks, degradation in the structural integrity of refractory substrates, modifications to contact angles and carbon pick-up when spent refractories were remixed with virgin refractory constituents. The carbon pick-up by the metal was observed to increase with the spent refractory levels in recycled refractory substrates. Our results show that in-situ presence of iron into refractory enhances chemical interaction between refractory constituents and molten iron such that refractory aggregates were observed to fall into molten metal affecting metal quality and refractory durability. This study has shown that the quality of recycled refractory was significantly lower than the virgin refractory and indicates that such recycling may not be suitable for steelmaking applications.
